In humans, there are two isoforms each of clathrin heavy chain (CHC17 and CHC22) and light chain (LCa and LCb) subunits, all encoded by separate genes. CHC17 forms the ubiquitous clathrincoated vesicles that mediate membrane traffic. CHC22 is implicated in specialized membrane organization in skeletal muscle. CHC17 is bound and regulated by LCa and LCb, whereas CHC22 does not functionally interact with either light chain. The imbalanced interactions between clathrin subunit isoforms suggest a distinct evolutionary history for each isoform pair. Phylogenetic and sequence analysis placed both heavy and light chain gene duplications during chordate evolution, 510 -600 million years ago. Genes encoding CHC22 orthologues were found in several vertebrate species, with only a pseudogene present in mice. Multiple paralogons surrounding the CHC genes (CLTC and CLTD) were identified, evidence that genomic or large-scale gene duplication produced the two CHC isoforms. In contrast, clathrin light chain genes (CLTA and CLTB) apparently arose by localized duplication, within 1-11 million years of CHC gene duplication. Analysis of sequence divergence patterns suggested that structural features of the CHCs were maintained after gene duplication, but new interactions with regulatory proteins evolved for the CHC22 isoform. Thus, independent mechanisms of gene duplication expanded clathrin functions, concomitant with development of neuromuscular sophistication in chordates.
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phylogenetic ͉ membrane traffic ͉ coated vesicle ͉ CHC17 ͉ CHC22 A nalysis of genetic evolution is informative for characterizing protein isoform diversification. Genomic analyses of the Hox gene clusters (1) and genes of the MHC (2) have revealed coevolution of proteins that function together, as well as mechanisms of gene duplication that facilitated sophistication of the vertebrate nervous and immune systems. Protein evolution in membrane traffic pathways, which also diversified for neuromuscular and immunological sophistication, has not been extensively analyzed. A single previous phylogenetic study analyzed the adaptor and COP proteins, both of which mediate interaction between receptors and membrane vesicle coats (3) . These two related protein families apparently diverged early in eukaryotic evolution, as yeast and humans have identifiable orthologues of both gene families. Here we extend evolutionary analysis to the vesicle coat protein clathrin and find that clathrin gene duplication occurred later, in conjunction with chordate evolution.
In humans, there are two isoforms of clathrin heavy chain (CHC), encoded by genes CLTC and CLTD at genomic loci 17q23.2 for CHC17 (4) and 22q11.21 for CHC22 (5) (6) (7) (8) . The CHC17 isoform trimerizes to form a triskelion (three-legged molecule) with each leg bound by a regulatory light chain (LC) subunit (9) . Clathrin triskelia self-assemble into a polyhedral protein coat attached to membrane vesicles by adaptor molecules that sequester receptors into the vesicle. The resulting coated vesicles sort proteins during endocytosis and organelle biogenesis. CHC17 is expressed ubiquitously in vertebrate tissues and a functional orthologue is present in all eukaryotic organisms analyzed. The CHC22 isoform is highly expressed in human skeletal muscle, with a low level detected in other tissues. CHC22 is concentrated at neuromuscular and myotendinous junctions, and its expression increases during myogenesis and muscle regeneration (10, 11) . Thus, CHC22 appears to have a role distinct from CHC17 in specialized muscle membrane organization. CHC17 and CHC22 have a remarkably high protein sequence identity (85%), despite their evident differences in function. A further conundrum in CHC diversification was posed when the gene encoding CHC22 was not found (12) in the paralogous region on mouse chromosome 16 that corresponds to its location in humans. This finding suggested that CHC22 either arose from a human-specific gene duplication or was lost in mice.
In contrast to the CHC isoforms, the two vertebrate clathrin LCs, LCa and LCb, have more divergent sequences (60% identity), but their functions are more similar. LCa and LCb both bind and regulate CHC17, but do not functionally interact with CHC22 (10, 11) . LCa and LCb are encoded on separate human chromosomes by genes CLTA and CLTB, at 9p13.3 and 5q35.2, respectively. Both have additional isoforms arising from neuronspecific splicing differences. LCs are implicated in regulation of clathrin assembly and function (9, 13) and the two LCs are expressed at characteristically different levels in different vertebrate tissues. This finding suggests that LCs control distinct tissue-specific functions of CHC17. Invertebrates and yeasts have a single LC gene (9) , which apparently partners with the CHC17 functional orthologue in these species.
Evolutionary studies of duplicated genes indicate that large scale genomic duplications, perhaps as extensive as one or two rounds of whole genome duplication, occurred during chordate evolution (14) . Local gene duplication has also occurred at a constant rate throughout evolutionary time and together with large scale duplication has contributed to the increased biological complexity leading to vertebrate evolution (15) . The present study applies rigorous genome analysis to define the duplication mechanisms and the divergence rates by which the CHC and LC gene families evolved, gaining insight into the functional role of the resulting isoform diversity.
Materials and Methods
See Supporting Text, Tables 1-4 , and Figs. 6-11, which are published as supporting information on the PNAS web site, for more detail. Data Sets. CHC and LC amino acid data sets and paralogon data sets were assembled following literature and database searches. Amino acid sequences were used for all but one paralogon data set (YPEL1͞YPEL2). Alignments were made by using Genetics Computer Group (16) PILEUP, VECTOR NTI SUITE 7.0 (InforMax), ALIGNX or MAFFT (17) . DNA and͞or protein accession codes are noted in Tables 1-3 .
Phylogenetic Analyses. Bayesian phylogenetic analyses used MRBAYES3B4 (18) . Sampling was with one cold chain and three heated chains (temperature of 0.2), which were run for 300,000 generations (500,000 for paralogons). Trees were sampled every 100th generation, and the first 350 trees (1,000 for paralogons) were discarded before a consensus tree was generated. Convergence occurred well before reaching these limits. Amino acid analyses used a POISSON model (BLOSSUM for paralogons) and gamma distances (four categories). The nucleotide analysis (YPEL1͞YPEL2 data set) used a codon-based GTRϩGϩI model of substitution. Trees were rooted at the midpoint. Parsimony analyses were with PAUP* version 4.0b10 (19) , using the tree bisection-reconnection branch-swapping algorithm, heuristic searches and 1,000 replicates. Tree topologies obtained with the two methods were statistically compared by using the Templeton test with a parsimony model, as implemented in PAUP* version 4.0b10. In all analyses, the test failed to reject one of the two topologies (␣ ϭ 0.05).
Divergence Time Estimations. Divergence times were estimated by using the Bayesian relaxed molecular clock approach with the MULTIDISTRIBUTE program package (20) . Vertebrate and urochordate sequences that were complete or almost complete were analyzed. To root the tree, the LC data set also included Aplysia californica, and the CHC data set included three protostome sequences (Drosophila melanogaster, Anopheles gambiae, and Aedes aegyptii). The tree topologies for the divergence time analyses were generated by MRBAYES3B4, with the same parameters as for the paralogon analysis. In both data sets, the root of the ingroup tree was set at 595 Ϯ 32.5 million years ago (MYA), corresponding to the urochordate-vertebrate separation. An alternative older separation was explored by using 715 Ϯ 92.5 MYA. Several internal nodes were constraints: the synapsiddiapsid split (306-332 MYA), the lissamphibian-amniote separation (338-385 MYA), and the Actinopterygian-Sarcopterygian split (Ͼ411 MYA). We also investigated the age difference between the CHC and LC duplications where the urochordatevertebrate divergence time was constrained at the same value for both data sets. In this analysis the divergence time was set at the average of the values obtained with the CHC and LC data sets, with a small standard deviation (Ϯ1 million years).
Creation of Paralogue Maps. Paralogous regions identified by an automated analysis (ref. 21 and http:͞͞wolfe.gen.tcd.ie͞dup) were used as a starting point. The genes surrounding CLTC or CLTA were searched by BLAST for the genomic location of the most closely related family members. For candidate paralogons, data sets were constituted and investigated by phylogenetic analysis as described above. For the CHC paralogon data set, the probability of six or seven paralogons being located within these sequences by chance was determined by using the calculation p ϭ L 2 ͞N (KϪ1) , using n ϭ 26,588 as the estimated number of proteins in the human genome (22) , where L ϭ ⌺ for all X from X ϭ K Ϫ 2 to X ϭ J Ϫ 2, and K ϭ 6 or 7 paralogons within a continuous stretch of J genes.
Site-Specific Evolutionary Rate Analysis. Sequence fragments were removed before analysis with the program DIVERGE (23) . Because of gaps in the full-length CHC sequences and length differences between CHC22 and CHC17, 43 residues were excluded from the CHC analysis. For similar reasons, 77 residues were removed from the LC analysis, including 30 residues of the neuronal insert region. A de novo neighbor-joining tree was built within DIVERGE, clades (LCa and LCb or CHC17 and CHC22) were selected, and posterior probabilities for functional divergence were estimated for each position (Table 4) .
Results
Three approaches were used to investigate the phylogeny and evolution of clathrin genes. First, extensive phylogenetic trees were constructed and gene divergence times were calculated. Genes flanking the clathrin genes were then analyzed to identify the likely mechanism by which each gene family duplicated. Finally, calculations were made to assess the likelihood of individual amino acids contributing to the development of different functions within the CHC and LC gene families.
Clathrin Gene Families Duplicated During Chordate Evolution. Phylogenetic trees constructed for the proteins encoded by the CHC gene family, using Bayesian (Figs. 1, 6 , and 7) or parsimony (data not shown) analysis, supported a common gene ancestor for CHC22 and CHC17. Both trees revealed that CLTD and CLTC genes are present in bony fishes (actinopterygians Takifugu rubripes and Tetraodon nigroviridis), but only a single CHCencoding gene, orthologous to both CLTC and CLTD, was found in the genome of the urochordate tunicate sea squirt (Ciona intestinalis). Thus, the timing of CHC gene duplication coincides with the time frame in which the theorized en bloc genome duplications occurred during chordate evolution (24) . Phylogenetic trees of the LC gene family constructed by either Bayesian (Figs. 2 and 8 ) or parsimony (data not shown) analysis showed a similar time frame for LC gene duplication. Using the Bayesian relaxed molecular clock approach (20) , the CHC and LC gene duplications were calculated to occur between 510 and 600 MYA. The interval between the two duplication events did not exceed 11 million years (Fig. 9) .
Full-length sequences and sequence fragments for CLTD gene homologues, predicted to encode CHC22, were found in several vertebrate genomes (Pan troglodytes, Canis familiaris, Gallus gallus, Xenopus laevis, Takifugu rubripes, Danio rerio, and Tetra- odon nigroviridis). However, in the entire Mus musculus genome, only a partial CLTD gene (chromosome region 16A1 from 17541k to 17654k), surrounded by the same genes that flank human CLTD (Fig. 3) , was found. The partial mouse gene was missing the 5Ј end and most of the central exons. PCR-based sequencing of one exon near the 3Ј end revealed that, for 16 mouse strains (representing three Mus species and three subspecies of Mus musculus), the exon contained stop codons in all three reading frames (Fig. 10) . Thus, mouse CLTD-like genomic DNA would encode a nonfunctional pseudogene, confirming the absence of a functional murine CLTD gene (12) .
In the zebrafish (Danio rerio) genome, one full-length CHCencoding gene (chromosome 11) and four fragments were found. If all of the fragments represent full-length genes, then zebrafish could have at least two CLTC orthologues (chromosome 10 and unmapped) and three CLTD orthologues (chromosomes 9, 11, and 23). This finding is consistent with previous observations that two zebrafish genes are frequently found per human gene (25), but will not be confirmed until the genome analysis is completed. Only two LC-encoding genes were found in zebrafish on chromosomes 1 and 14, sorting into the LCa and LCb clades, respectively.
In addition to CLTA and CLTB, two LC pseudogenes lacking introns, at 8p22 and 12p13.31, were found only in the human genome. Both LC pseudogenes LCps8 and LCps12 sorted within the LCa clade of the tree (data not shown). Thus, these pseudogenes were probably processed mRNAs reincorporated into the vertebrate genome some time after rodents diverged from the lineage giving rise to humans (Ϸ90 MYA).
Clathrin Gene Families Duplicated by Distinct Mechanisms. To investigate the duplication mechanism for the clathrin genes, we searched for neighboring paralogous genes in the human genome. Genes were considered paralogons if they were homologues arising from duplications occurring in approximately the same time frame as the clathrin gene duplications (Fig. 11) . The chromosomal regions surrounding CLTA and CLTB contained only one identifiable pair of paralogons, RING finger protein genes KIAA1100 and RNF38, each immediately adjacent to an LC gene. Lack of other local paralogons suggests the LC gene duplication was a localized event. By contrast, in the vicinity of the CHC genes there were five additional paralogons contained within 1 MB on chromosome 17 (comprising 17 genes) and within 11.2 MB on chromosome 22 (165 genes) (Fig. 3) . It is unlikely (P Ͻ 0.001) that so many paralogons would group together by chance on either chromosome, indicating that they originated from a large-scale duplication. The five paralogous pairs near CLTC and CLTD, respectively, comprised genes encoding septins (PNUTL2 and PNUTL1, previously noted as paralogons; ref. 21) , myotubularin-related FYVE-dualspecificity phosphatases [MTMR4 and MTMR3 (KIAA0371)], hypothetical RING finger proteins (FLJ20315 and KIAA1133) , partner of PIX proteins (PPM1E and PPM1F), and yippee-like proteins (YPEL2 and YPEL1) . Extension of the analyzed region on chromosome 17 to 23 MB (344 genes) added a sixth paralogon pair in the vicinity of CLTC and CLTD (P Ͻ 0.05 for a chance grouping). These paralogons (AP2B1 and AP1B1) encode subunits of clathrin-associated adaptors AP2 and AP1.
Many of the same paralogons that flank CLTC and CLTD in the human genome are syntenic in the equivalent regions of four additional genomes, mouse (M. musculus), chicken (G. gallus), green spotted pufferfish (T. nigrovividis), and fruit fly (D. melanogaster) (Fig. 3) . The vertebrate genomes each have two syntenic groups of these paralogons (except in mouse, where one group is split into two distinct regions), and the fruit fly has a single syntenic group, strengthening the argument that the CLTC and CLTD gene duplication occurred during a large-scale, possibly genomic duplication event. Thus, although CHC and LC gene duplications occurred in the same time frame, they seem to have occurred by different mechanisms.
Residues Contributing to Functional Divergence of Clathrin Isoforms.
Comparing two protein isoforms for the rate of amino acid evolution at each sequence position can be used to identify residues with potential to confer differential functions (26) . Using DIVERGE software (23), the CHC and LC gene families were analyzed to find amino acid residues that evolved at different rates in each pair of paralogues. The program generates a posterior probability that each residue in an aligned clade has functional divergence compared to its counterpart in the other clade.
DIVERGE analysis of full-length CHC sequences revealed 16 residues with a significant posterior probability of functional divergence ( Fig. 4A and Table 4 ). Four of these residues appeared less conserved in one clade when sequence fragments from additional species were inspected and were therefore eliminated from further consideration. Three of the remaining 12 divergent residues (139, 200, and 206) localize to the Nterminal domain (TD), and one (370) is in the linker region that connects the globular TD to the extended linear domains of CHC repeat motifs, which make up the triskelion legs (27, 28) (Fig.  4B) . Residue 864 in the distal leg segment was uniquely divergent in the entire central portion of the legs. The seven additional divergent residues localized to the CHC region involved in LC binding for CHC17 (comprising the C-terminal half of the proximal leg segment and the region involved in trimerization) (13) . Of these seven residues, six were conserved in CHC22 but variable in CHC17, whereas S1494 was the opposite (Table 4) . From the x-ray structures of CHC17 fragments (Figs. 4 C and D and 5C), it is seen that divergent residues 1382 and 1473 localize to the CHC17-LC interface, whereas 1408 and 1494 are on a perpendicular leg face.
The DIVERGE analysis of LCa and LCb sequences revealed only one residue with significant posterior probability of functional divergence (Fig. 5 A and B) . The identified residue 118 is a conserved glutamate (E) in all LCb sequences and is A, Q, M, V, or E in LCa. This position is in the CHC17-binding region, but is opposite to the CHC17-binding interface (Fig. 5C) (13) . Overall, DIVERGE analyses of both the CHCs and LCs identified evolutionary differences that could create isoform-specific binding sites for accessory proteins. (27) . Residues conserved only in CHC17 are noted in yellow, and those conserved only in CHC22 are noted in orange. (D) Residues with predicted functional divergence between CHC17 and CHC22 are mapped onto the crystallographic structure (green) of the terminal domain with the ''clathrin box'' peptide bound in its groove noted in purple (31) . Residues conserved only in CHC17 are noted in yellow, and those conserved only in CHC22 are noted in orange.
Discussion
Analysis of clathrin gene families suggests that the two mammalian CHC isoforms evolved by large-scale (possibly genomic) duplication, whereas the two LC isoforms arose by local gene duplication. That different gene duplication mechanisms generated the CHC and LC isoforms correlates with the differential functions of the clathrin subunits. The LCs diversify tissuespecific regulation of CHC17, whereas duplication of the CHCs diversified their capacity for novel structural roles in different tissues. Interestingly, the time of the two gene duplications was close, with Ͻ11 million years separating the two events. Thus, both clathrin gene duplications contributed to the development of increasing complexity during chordate evolution 510-600 MYA through different mechanisms of gene diversification.
The evolutionary changes in CHC22 after CHC gene duplication indicate limited structural diversification of the two isoforms and selection for novel accessory protein-binding sites. Key features of the CHC17 structure were conserved in CHC22, consistent with CHC22 having a functional TD, linker, distal and proximal leg segments, and trimerization domain. Biochemical analysis confirms that CHC22 trimerizes (10) . New binding sites for CHC22-specific accessory proteins at both termini were suggested by modeling the CHC22 sequence into the CHC17 structure. Seven divergent residues (six conserved in CHC22) localized to the C-terminal regions that would mediate LC binding in CHC17, suggesting an acquired function for this domain in CHC22. Divergent residues 1382 and 1473 are at a position that would disrupt potential LC binding and divergent residues 1408 and 1494, at the perpendicular face, could contribute to novel protein-binding sites, because these are predicted to be excluded from lattice contacts (28, 29) . Consistent with this model, CHC22 does not bind LCs and binds sorting nexin 5 in this region (11) . LCs acquire an ␣-helical structure only when bound to CHC17 (13) . This structural plasticity can apparently support more sequence variation than observed for CHCs, allowing LCs to diversify for regulation of CHC17. The one LC residue position that displayed significantly divergent evolutionary rates between the two isoforms localized to a surface of LCb opposite to the CHC17 binding face. Conservation of this position in LCb suggests a previously unrecognized protein-binding site in this region that is already known to influence clathrin assembly (9) .
In CHC22, divergent residue 139 localized to a groove between blades of the predicted TD ␤-propeller structure (30) , adjacent to the groove that, in CHC17, binds a clathrin-box motif shared by CHC17-binding proteins (31) . Combined with divergent TD residues 200 and 206 and linker residue 370, residue 139 could form a previously undefined CHC22 TD-binding site. Of interest is that human CHC17 polymorphisms also arise in the TD (residues 228 and 371), suggesting population diversity in CHC17 regulation. The only centrally located divergent residue of CHC22 (position 864, conserved in CHC22 and variable in CHC17) could influence interactions between the distal and proximal leg segments, according to its position in the recently modeled clathrin lattice (28, 29) . The evolved acquisition of protein-binding sites for CHC22 likely specialized its role at neuromuscular and myotendinous junctions. Because of its structural conservation, we propose that CHC22 could contribute to organization of membrane proteins at these sites in a fashion analogous to CHC17's organization of receptors into transport vesicles.
The loss of a full-length CLTD orthologue in mice, but its continued presence in both birds and carnivores, suggests that the mouse mutation occurred in the rodent lineage Ͻ90 MYA. Initial analysis of the rat genome suggested a similar arrangement to the mouse genome and lack of a CLTD orthologue where expected. However, functional studies (11) indicate the presence of CHC22 protein in rat (but not mouse), so the rat CLTD orthologue may still appear upon refined analysis of the rat genome. Compared to other species, the mouse genome has rearranged extensively where the CLTD pseudogene fragment is located (32), possibly explaining its degeneration. Although mice are frequently used as models for human disease conditions, there are many murine features that reflect evolutionary divergence from humans (33) (34) (35) . Thus, the loss of CHC22 in the mouse lineage should not be considered an indication of its general nonfunctionality. In fact, a comparison of mouse and human skeletal muscle, focusing on regions where CHC22 is concentrated, should reveal how mice have compensated for the loss of CHC22 and provide further insight into CHC22's tissuespecific function in human muscle.
It is notable that the six paralogons adjacent to CLTC and CLTD encode proteins with functions that might interact or influence those of CHC17 and CHC22. We speculate that it may not be coincidental that this group of genes remained near the clathrin genes, perhaps constituting a ''membrane traffic'' gene cluster. Such functional groupings have been found for other gene families, e.g., the Hox gene clusters (1) and the MHC (36, 37) . The most obvious clathrin-related paralogons are the genes encoding the ␤ subunits of the AP1 and AP2 adaptors. These subunits stimulate clathrin assembly and are part of the adaptors that link the clathrin coat to vesicle membranes and cargo (30) . Many endocytic proteins, including the AP2 adaptor, bind to both inositol polyphosphates and CHC17, thereby controlling membrane vesicle budding (30) . This activity could be influenced by adjacent myotubularins, one of which (encoded by MTMR3) is a known inositol lipid 3-phosphatase (38) . RING finger proteins are E3 ubiquitin ligases, potentially creating cargo for association with CHC17 or CHC22. Septins participate in vesicle targeting and fusion and in cytokinesis, perhaps interacting with CHC17 at the mitotic spindle (39) , where its function is unknown (40) . PPM1F encodes a calmodulin kinase phosphatase (41) that could affect the interaction between calmodulin and neuronal clathrin-coated vesicles (9) . Yippeelike protein (YPEL1-encoded) is associated with morphogenesis during cell development (42), a possible connection with CHC22 function in myogenesis. Finally, genes encoding epsin proteins, which are associated with clathrin-coated vesicles, are present close to the paralogous regions described here. Although these epsins are not strictly paralogons by the divergence criteria applied to the others, their presence may be significant with regard to interactions with locally encoded gene products. Further studies of the relationship between clathrins and the gene products of adjacent paralogons could well reveal some interesting interactions involved in membrane traffic.
In conclusion, patterns of divergence and identification of linked genes have suggested previously undescribed aspects of clathrin function that can be studied further. Thus, a look into the past provides a focus for the future, even for these relatively conserved clathrin gene families, indicating the potential of such analysis for other gene families arising from duplication of genes encoding ''housekeeping'' proteins.
